Main Text {#sec1}
=========

Despite marked day-to-day fluctuations in food intake and physical activity, most healthy adult mammals maintain a steady body weight over many years. This indicates that cumulative energy intake is normally matched with great precision to energy expenditure. It has long been proposed that homeostatic regulators control energy balance. In the mid 20th century, Gordon Kennedy was the first to propose that circulating signals generated in proportion to body fat stores influenced food intake and energy expenditure in a coordinated manner to regulate body weight ([@bib43]). A series of contemporaneous experiments in which regions of the hypothalamus were physically ablated in rats showed that the hypothalamus was critical in this regulation ([@bib45]). For example, damage to the ventromedial hypothalamus caused hyperphagia (eating in excess) and obesity whereas destruction of the lateral hypothalamus resulted in profound anorexia and weight loss. It was shown that circulating substances were capable of regulating food intake in parabiosis experiments (the surgical union of two animals allowing exchange of blood). Rats with lesions to the ventromedial hypothalamus parabiosed to normal animals remained hyperphagic and obese whereas the parabiosed partner ate less and lost weight. These experiments were the first to provide substantive evidence that a blood-borne satiety factor that was produced in obese animals required an intact hypothalamus for its activity.

Despite the robustness of these physiological observations it took more than 40 years before the molecules involved in such homeostatic control were identified. In the past decade the body of knowledge has grown rapidly and has resulted in a sea change in our understanding of the physiological processes that control food intake. We now know that a number of circulating peptides and steroids that are produced in the body can have a substantial influence on appetitive behavior through their actions on the hypothalamus, the brain stem, or afferent autonomic nerves. These hormones come from at least three sites: fat cells, the gastrointestinal tract, and the endocrine pancreas.

Leptin {#sec1.1}
------

Progress toward identifying a circulating compound regulating satiation came from studying two naturally occurring obese mouse models, *obese* (*ob*/*ob*) and *diabetic* (*db*/*db*). Parabiosis experiments revealed *ob*/*ob* mice were deficient in a circulating satiety factor, whereas *db*/*db* mice produced the factor in excess but lacked the ability to respond to it (see [@bib30]). *ob*/*ob* mice were shown to harbor a loss-of-function mutation in the gene encoding a secreted peptide, named leptin, that is produced largely, possibly exclusively, in adipose tissue ([@bib88]). Circulating concentrations of leptin appeared to mirror fat cell stores---increasing with overfeeding and decreasing with starvation. Leptin administration to obese leptin-deficient animals reversed their hyperphagia, hypothermia, decreased locomotor activity, and all neuroendocrine and immunological abnormalities ([@bib30]). Humans genetically lacking leptin are also hyperphagic and severely obese and respond dramatically to leptin administration ([@bib30]). Administration of leptin to fasted mice abrogates many of the neuroendocrine consequences of starvation, suggesting that the normal biological role of leptin may be to aid the organism in monitoring transitions between adequately nourished and starved states ([@bib30]).

The *db*/*db* phenotype is due to mutations in the receptor for leptin (OB-R), a class 1 cytokine receptor. A variety of homozygous and compound heterozygous loss-of-function mutations in the leptin receptor have also been found in severely obese humans ([@bib26]). There are at least six isoforms of the leptin receptor (OB-Ra-f), primarily as a consequence of alternate splicing. The main signaling isoform (and longest) is Ob-Rb. It is highly expressed in the hypothalamus and on immune cells and signals via the JAK-STAT pathway. Although the shorter forms of the receptor are more widely expressed than OB-Rb, their precise functions are unknown.

Direct administration of leptin into the central nervous system (CNS) of *ob*/*ob* mice in doses that do not result in detectable levels in the periphery completely reverses the body weight and metabolic phenotype ([@bib30]), emphasizing the importance of these central leptin receptors in most actions of leptin. Although leptin is effective at reducing food intake and body fat in leptin-deficient and normal rodents, it is relatively ineffective in doing so in mice with diet-induced obesity. This is in accord with the observations that in human populations plasma leptin is positively correlated with fat mass; leptin administration to obese humans only has a modest and variable effect on body weight. These observations have led to the concept that "leptin resistance" may underlie the failure to regulate energy stores as seen in common forms of obesity. Although leptin has not become the panacea for obesity that was once hoped, it has undoubted actual and potential clinical utility. It is life-saving in humans with congenital leptin deficiency ([@bib24]), has dramatic effects on the metabolic state of patients with lipodystrophy (a metabolic disorder characterized by selective loss of body fat and low leptin levels) ([@bib64]), and shows promise as a therapeutic/diagnostic agent for weight-related reproductive disorders ([@bib79]). Finally, up to 10% of obese people have relatively low leptin levels. Therapeutic trials of leptin supplementation in these individuals are overdue when, in combination with other agents, such therapy might be well suited to prevent weight regain after weight loss.

The critical importance of leptin in the control of energy homeostasis has been clearly established. However multiple intriguing questions remain. How and where does leptin act in the brain to regulate food intake and metabolism? What molecular mechanisms underlie leptin resistance? How is leptin secretion regulated? And what determines the large variation in leptin levels among individuals?

### Leptin-Responsive Neurons in the Brain {#sec1.1.1}

The hypothalamus receives and integrates neural, metabolic, and humoral signals from the periphery. In particular, contained within the arcuate nucleus of the hypothalamus are two populations of cells that are the best characterized leptin-responsive neurons in the brain ([@bib16]). The first population of neurons express two potent appetite-stimulating (orexigenic) peptides, the melanocortin anatagonist Agouti-related peptide (AgRP) and Neuropeptide Y (NPY). The second population expresses the peptide cocaine and amphetamine-related transcript (CART) and the large precursor peptide pro-opiomelanocortin (POMC). Both sets of neurons project to second-order, melanocortin 4 receptor (MC4R) expressing neurons within the hypothalamus and elsewhere in the brain ([Figure 1](#fig1){ref-type="fig"}).

Leptin inhibits NPY/AgRP neurons, and fasting significantly upregulates the expression of NPY and AgRP. Interestingly, germline deletion of NPY or AgRP has no major effect on body weight (see [@bib16; @bib27]), although mice lacking AgRP do become modestly lean late on in life due to an increase in energy expenditure ([@bib82]). Recently four independent groups, each using slightly different strategies, genetically ablated NPY/AgRP neurons postnatally ([@bib28]). Although the extent to which NPY/AgRP neurons were ablated in each study differed considerably, the message was clear---loss of NPY/AgRP neurons in adult life leads to profound, life-threatening hypophagia. Interestingly, when these neurons are ablated in the newborn period the effects on body weight and food intake are much more modest, suggesting that network-based compensatory mechanisms can develop in neonates but do not readily occur in adults. It is as yet unclear whether the effects of ablation of these neurons on food intake are solely due to the loss of NPY and AgRP or whether the loss of other neurotransmitters is involved.

In contrast to NPY/AgRP neurons, POMC/CART neurons are stimulated by leptin and fasting decreases POMC expression. Although CART deficiency does not appear to influence energy balance, there is clear evidence that POMC peptides play a critical role in feeding behavior with both POMC-deficient mice and humans developing hyperphagia and obesity ([@bib15]). POMC undergoes extensive posttranslational modification to generate a range of smaller biologically active peptides, the melanocortins, which are agonists for melanocortin receptors. The ultimate pool of bioactive melanocortins released from POMC-expressing neurons is influenced by a number of factors including the activities of prohormone convertases, carboxypeptidases, and both acetylases and deacetylases ([@bib15]). Although α-melanocyte-stimulating hormone (α-MSH) has always been considered the predominant POMC-derived product controlling energy balance, recent genetic evidence strongly implicates β-MSH in appetite regulation, at least in humans ([@bib8; @bib53]).

Leptin receptors are also found outside of the arcuate nucleus, although the importance of leptin\'s activity at these other sites has not been clear until recently. For instance, although the selective ablation of leptin receptors in POMC neurons of the arcuate nucleus results in obesity ([@bib4]), it is less pronounced than in mice that globally lack leptin receptor. Indeed, there are now clear data to show that leptin receptors on other neurons, such as those that express steroidogenic factor 1 (SF1) in the ventromedial hypothalamus, are required for normal body weight ([@bib19]). Mice lacking leptin receptors on these neurons in the ventromedial hypothalamus become obese, despite having no discernible increase in food intake. Interestingly, when placed on a high-fat diet, these mice appear unable to suppress food intake and adequately stimulate energy expenditure. Thus leptin receptors in SF-1 neurons of the ventromedial hypothalamus may play an important role in the adaptive changes critical for resisting diet-induced obesity.

However, there is still more to learn. Although mice with a combined deficiency of leptin receptors on both SF-1 and POMC neurons weighed more than those with loss of either alone, they were still less obese than mice that globally lack leptin receptors, indicating that there must be other sites important for leptin action. Two such sites may be the caudal brainstem and the ventral tegmental area in the midbrain. The caudal brainstem contains both leptin-responsive, Ob-Rb-expressing neurons ([@bib34]) and a population of POMC neurons, just like the arcuate nucleus. However, there appear to be some intriguing and important differences between the brainstem and the arcuate nucleus.

Although fasting induced a fall in POMC mRNA in both regions, in contrast to the arcuate, the reduction seen in the brainstem was not reversed by leptin administration. Furthermore, leptin did not cause STAT-3 phosphorylation or c-*fos* activation within brainstem POMC neurons, suggesting that leptin signaling via POMC-derived peptides in the CNS occurs entirely via hypothalamic POMC neurons ([@bib41]).

The ventral tegmental area contains dopaminergic neurons that have long been thought to play a role in the reward and motivational aspects of ingestive behavior. Two recent studies now clearly indicate that by acting upon these dopaminergic neurons, leptin influences food consumption in a hitherto unrecognized manner ([@bib31; @bib39]).

Further Downstream of Leptin {#sec1.2}
----------------------------

### Melanocortin Receptors {#sec1.2.1}

Genetic deletion of MC4R in mice and humans results in severe hyperhagic obesity ([@bib15]). MC4R mutations are responsible for up to 5% of cases of severe childhood obesity and between 0.5% and 2.5% of adult obesity ([@bib37; @bib49]). Estimates of the frequency in the general population in the UK suggest a mutational frequency of 1/1000 ([@bib1]), making MC4R deficiency one of the most common single-gene disorders. The phenotypic features of MC4R deficiency include hyperphagia, an increase in fat and lean mass, and an increase in bone mineral density ([@bib25]). Of particular note is the finding that the severity of receptor dysfunction seen in in vitro assays can predict the amount of food ingested at a test meal by the subject harboring that particular mutation ([@bib25]).

Until recently, it was uncertain as to whether each feature of the complex phenotype of MC4R deficiency could be ascribed to different regions of the brain. Did one site control food intake whereas another controlled energy expenditure? There are now clear data demonstrating that there is indeed functional divergence of the melanocortin pathway ([@bib3]). Using *cre-lox* technology, Balthasar and colleagues partially "rescued" MC4R-deficient mice by re-expressing *Mc4r* only in the paraventricular hypothalamus and the amygdala. Although still heavier than control littermates, these mice were significantly lighter than mice globally lacking MC4Rs. This was entirely due to a normalization in food intake because the reduced energy intake typical of mice globally lacking *Mc4r* was unaffected by this targeted re-expression. Thus MC4Rs in the paraventricular hypothalamus and/or amygdala appear to control food intake, but MC4Rs expressed elsewhere have a role in the control of energy expenditure.

The data that define the physiological function of MC3R in energy metabolism are not as dramatic as those for MC4R, although it is likely these two receptors serve nonredundant roles ([@bib15]) Mice lacking *Mc3r* have a unique phenotype---despite an increased fat mass, their total body weight is similar to wild-type mice due to a reduction in lean mass. MC3R may influence feed efficiency (weight gain per kcal consumed) and the partitioning of fuel stores into fat.

### BDNF/TrkB {#sec1.2.2}

A number of recent studies have given insights into the mediators and signaling mechanisms that lie beyond the melanocortin receptors. In particular, a growing body of evidence implicates brain-derived neurotrophic factor (BDNF) as a player in energy homeostasis. BDNF is a regulator of brain development and plasticity and exerts its effects through the tyrosine kinase receptor TrkB. Both BDNF and its receptor TrkB are widely expressed in the brain. Mice lacking either one copy of the *Bdnf* gene or with a tissue-specific conditional deletion of *Bdnf* in the postnatal brain develop hyperphagia and obesity ([@bib68]). Administration of BDNF can ameliorate the hyperphagia and metabolic disturbance in *db*/*db* mice ([@bib59]). An exciting study reported that MC4R and BDNF/TRk-B-mediated signaling may be coupled in the regulation of energy balance ([@bib84]). Xu et al. reported that BDNF was highly expressed in the ventromedial nucleus, with expression regulated by nutritional status and by MC4R signaling. The authors also showed that mice with a hypomorphic mutation in *trkb* (resulting in expression levels 25% of normal) closely resembled mice lacking *Mc4r* in that they developed hyperphagia and obesity, increased body length, and excessive weight gain on a high-fat diet. Further, central infusion of BDNF into mice with deficient MC4R signaling suppressed the hyperphagia and excessive weight gain observed on high-fat diets. In humans, genetic disruption of the neurotrophin receptor TrkB ([@bib86]) and in its ligand BDNF ([@bib33]) cause severe hyperphagia and obesity, developmental delay, impaired short-term memory, and unusually hyperactive behavior.

### Melanin-Concentrating Hormone {#sec1.2.3}

Melanin-concentrating hormone (MCH) is an orexigenic (appetite-stimulating) peptide produced by neurons in the lateral hypothalamus. Robust data from rodent models demonstrate that MCH has a critical role in energy balance ([@bib27]). Mice lacking MCH are hypophagic and lean whereas transgenic overexpression of MCH in the lateral hypothalamus leads to obesity and insulin resistance. The key role of this neuropeptide in integrating the downstream effects of leptin is demonstrated by the fact that MCH expression is increased in hypothalami of *ob*/*ob* mice, with a dramatic reduction in body fat seen in *ob*/*ob* mice also lacking MCH.

Of note, loss of the receptor believed to be responsible for the action of MCH (MCH1R) results in hyperphagia, but mice lacking *Mch1r* mice remain lean as a consequence of hyperactivity and altered metabolism. More recently, targeted ablation of MCH neurons has been demonstrated to cause hypophagia, increased energy expenditure, and late-onset leanness ([@bib2]).

### Orexins {#sec1.2.4}

Orexins were originally identified as peptides produced selectively in the lateral hypothalamus ([@bib69]). Central administration of orexin appeared to increase food intake in mice leading to the initial view that the principal function of orexins was the control of food intake. However, subsequent studies suggest that orexins play a more important role in the maintenance of alertness with genetic or acquired deficiency of orexin signaling resulting in narcolepsy ([@bib70]). A possible link with the leptin and the adipostatic pathways remains in that leptin administration decreases orexin expression whereas fasting increases *orexin* mRNA levels ([@bib85]).

### Others {#sec1.2.5}

The hypothalamic transcription factor Single-minded 1 *(Sim1*) is expressed in a number of regions known to be involved in energy homeostasis, including the paraventricular nucleus and the lateral hypothalamus. Haploinsufficiency of *Sim1* is associated with hyperphagic obesity and increased linear growth ([@bib48; @bib57]), closely resembling the phenotype of agouti yellow (A*y*) and *Mc4r* null mice, two classic models of disrupted hypothalamic melanocortin signaling. These similarities may be because MC4 receptors involved in the regulation of food intake signal through Sim1 and/or its transcriptional targets. *Sim1* heterozygous mice remain hyperphagic despite elevated hypothalamic *Pomc* expression and have an impaired anorectic (appetite-suppressing) response to melanocortins, suggesting that *Sim1*-expressing neurons in the paraventricular nucleus regulate feeding in response to melanocortin signaling ([@bib48]).

Serotonin (5-hydroxytrypamine, 5-HT) derived drugs have long been known to have clinical utility in the induction of weight loss, but the neural pathways through which central serotonergic systems regulate food intake have remained elusive. It now appears that serotonin-induced hypophagia requires downstream activation of MC4R, with the central melanocortin system a key site of action of 5-HT. Not only does 5-HT inhibit NPY/AgRP neurons but it also activates POMC neurons, leading to an increase in activity at MC4R in target sites and a reduction in food intake ([@bib36]).

Developmental Effects of Leptin {#sec1.3}
-------------------------------

Recent data have elegantly described how leptin can potently influence neuronal growth and development. By studying the electrophysiological activity in neurons from *ob*/*ob* mice, it was shown that leptin deficiency markedly changes synaptic inputs to arcuate neurons, increasing excitatory inputs on NPY/AgRP neurons but decreasing excitatory inputs to POMC neurons ([@bib65]). Critically, within hours of administration to *ob*/*ob* mice, leptin was able to reverse these effects, thereby demonstrating it to be a crucial regulator of synaptic plasticity. Leptin appears also to be a neurotrophic growth factor during hypothalamic development ([@bib9]) with leptin deficiency severely reducing the density of innervations from the arcuate nucleus to the paraventricular nucleus, lateral hypothalamus, and dorsomedial nucleus---all regions implicated in the control of energy balance. Leptin replacement in adult life appears ineffective in reversing this axonal pattern, but, in sharp contrast, replacement in early postnatal life (a time when a surge in plasma leptin levels in rodents has long been recognized) can restore the density of innervations to second-order neurons to that of wild-type mice. This raises interesting questions as to whether there is a critical period of leptin-dependent hypothalamic development in the early neonatal period that may have major ramifications for energy balance later in life. If true, this "altered wiring" could, in part, explain the profound, early-onset obesity seen in leptin-deficient children.

However, the fact that leptin replacement therapy in leptin-deficient adults with established morbid obesity results in profound weight loss ([@bib54]) means that even if a hypothalamic signaling system developed entirely in the absence of leptin, the ability to respond in a physiological manner to leptin is retained. Further, studies using the neurocytokine ciliary neurotrophic factor (CNTF) suggest that a previously unappreciated degree of neuroproliferative potential continues into adult life ([@bib46]). CNTF has the remarkable ability to induce weight loss that persists after the cessation of treatment. CNTF induces cell proliferation in feeding centers within the hypothalamus, with many of the newborn cells behaving like neuronal cells known to be critical in energy balance.

Mechanisms of Leptin Resistance {#sec1.4}
-------------------------------

In the majority of cases of obesity, despite both an intact leptin receptor and high circulating levels, leptin fails to bring about weight loss. This diminished response to the anorexigenic effects of leptin is referred to as "leptin resistance." What may be the potential mechanisms underlying this resistance?

A failure of circulating leptin to reach its target receptor within the brain appears to be one mechanism at work in rodents with diet-induced obesity, a classic model of leptin resistance. In contrast, leptin resistance in aged rats may result from decreased expression of the leptin receptor within hypothalamic neurons (see [@bib5; @bib27]). However, a hypothesis that has received recent attention is that leptin resistance may be due to an attenuation of the intracellular leptin signaling cascade. Suppressor of cytokine signaling-3 (Socs-3) is an intracellular protein that negatively regulates the action of various cytokine receptors. It is now recognized to act to limit leptin signaling and therefore is a potential mediator of leptin resistance. Indeed, although complete lack of *Socs-3* is embryonic lethal, mice with only one functional copy of *Socs-3* or those with neuronal deletion of *Socs-3* are lean and leptin sensitive ([@bib40; @bib44; @bib58]). Kievit et al. further highlighted the key role Socs-3 plays in leptin signaling by demonstrating that selective deletion of Socs-3 from POMC-expressing neurons alone also results in enhanced leptin sensitivity and resistance to weight gain on a high-fat diet. Finally, recent data that demonstrate that mice with a neuron-specific lack of the tyrosine phosphatase PTP1B are rendered hypersensitive to leptin point to this molecule having an important role in the development of leptin resistance ([@bib7]).

Leptin resistance remains enigmatic. In part this is because of the inaccessibility of the relevant leptin-resistant neurons in humans and the difficulty of isolating unique neuronal subpopulations in a mass of other neurons presumably not involved in leptin action. In contrast to the history of insulin resistance when the characterization of the insulin receptor, combined with accessibility of insulin\'s target tissues, rapidly permitted the classification of insulin-resistant states as "pre-receptor," "receptor-related," or "post-receptor," it is still extremely difficult to confidently classify leptin-resistant humans or rodents in this manner.

What Regulates Leptin Secretion? {#sec1.5}
--------------------------------

The adipocyte is not a classical endocrine cell and leptin is not stored in typical endocrine secretory granules. The amount of leptin produced by an adipocyte appears to be regulated at the transcriptional level but also at the levels of translation, storage, turnover, and secretion ([@bib52]). Leptin levels do show some diurnal variation, but this appears to be entrained by meal times in rodents. Insulin and glucocorticoids positively regulate leptin production whereas agents that increase cAMP levels in the adipocyte, such as β adrenergic agonists, suppress leptin production ([@bib67]). The marked sexual dimorphism in plasma levels (much higher in females than males) is, at least in part, explained by a suppressive effect of androgens on leptin production. The precise mechanisms whereby increased fat stores are signaled to the adipose tissue mass to produce more leptin remains mysterious, and progress has been impeded by very low levels of leptin made in the otherwise very useful adipocyte cell lines in which much adipocyte cell biology has been established.

Other Signals from Adipocytes {#sec1.6}
-----------------------------

### Adiponectin {#sec1.6.1}

Adiponectin is an adipocyte-derived hormone that has been proposed to play an important role in energy homeostasis ([@bib76]). It has strong sequence homology with C1q and type VIII and X collagen and its C-terminal globular domain has a tertiary structure that resembles TNFα. In sharp contrast to leptin, plasma adiponectin levels are negatively correlated with body fat, decreasing with obesity and increasing in response to weight loss. Adiponectin also circulates in plasma at a much higher concentration than leptin (μg/ml versus ng/ml, respectively). Data from knockout mouse models suggest that adiponectin is protective against the development of insulin resistance, glucose intolerance, and dyslipidemia ([@bib60]). However, the evidence that adiponectin has a role in controlling food intake is less convincing. Although ectopic overproduction of adiponectin can reduce food intake in high-fat-fed rats and offset the development of diet-induced obesity ([@bib72]), food intake in adiponectin knockout mice is no different from that seen in wild-type littermates ([@bib55]).

### Interleukins {#sec1.6.2}

Interleukin 6 (IL-6) is a cytokine that has diverse roles in immunoregulation and the inflammatory response. It is also secreted from adipose tissue, particularly omental fat (the fat surrounding the bowels), independently of any acute inflammatory condition. Like leptin, IL-6 levels correlate with total body fat. Mice lacking IL-6 are not hyperphagic but become modestly obese in adult life as a result of disruption in energy expenditure ([@bib78]). However, a combined deficiency of IL-6 and interleukin 1 (IL-1) does cause hyperphagia and a more marked obesity ([@bib13]). In addition, loss of the fat-derived cytokine interleukin 18 (IL-18) leads to hyperphagia and obesity. Interestingly, the administration of recombinant IL-18 does not alleviate hyperphagia in IL-18 knockout mice if injected intravenously but does if it is injected into the cerebral ventricles ([@bib61]). This suggests that IL-18 might have a role in the regulation of food intake by the CNS.

The Gastrointestinal Tract {#sec1.7}
--------------------------

### Cholecystokinin {#sec1.7.1}

Cholecystokinin (CCK) is a gut peptide that has long been established to act as a postprandial satiety signal ([@bib11]). It is released into the circulation from enteroendocrine cells of the duodenum and jejunum in response to fatty acids ([Figure 2](#fig2){ref-type="fig"}). CCK acts at receptors on peripheral vagal afferent terminals, which transmit signal to appetite centers, such as the nucleus of the solitary tract, contained within the brainstem. Peripheral administration of CCK also activates mouse POMC neurons in the nucleus of the solitary tracts with signaling via MC4Rs in this region appearing to be crucial in bringing about the satiety effects of CCK. This peptide is ineffective in reducing food intake in mice lacking MC4R and in mice in which brainstem melanocortin receptors are blocked pharmacologically ([@bib22]). Thus in addition to integrating long-term adipostatic signals like leptin, the melanocortin system may also be important in integrating short-term gut-derived satiety signals.

### PYY~3--36~ {#sec1.7.2}

Peptide YY (PYY) is a 36 amino acid peptide secreted from the endocrine L cells of the gut. Circulating PYY levels are low in the fasting state and rapidly increase postprandially when two forms, PYY~1--36~ and PYY~3--36~, are released into the circulation. Both peptides have local effects on gut motility and both have the ability to increase food intake if administered directly into the cerebrospinal fluid of animals. In contrast, peripherally administered PYY~3--36~ can reduce food intake ([@bib11]) . Like leptin, the appetite-suppressing effects of PYY~3--36~ were initially thought to be mediated indirectly through the central melanocortin system. However, this appears not to be the case as a disrupted melancortinergic system still permits the full anorexigenic effects of PYY~3--36~ ([@bib15]). Some groups have reported difficulty in reliably reproducing the anorexigenic effects of PYY~3--36~ ([@bib77]), a phenomenon that may reflect the influence of environmental stimuli on the ability of the animals to respond. It has been suggested that the inhibition of food intake by PYY~3--36~ is dependent, at least in part, on the induction of an aversive response ([@bib35]). However, recent data from a new *Pyy* null mouse model have supplied evidence that PYY may indeed have a physiological role in eating behavior, in particular mediating the satiating effects of dietary protein ([@bib6]).

In humans, PYY~3--36~ levels are elevated in many disease states that are characterized by weight loss. Overweight subjects have been reported to have a relative deficiency of postprandial PYY~3--36~ release associated with reduced satiety ([@bib51]) and bariatric surgery results in an exaggerated postprandial PYY~3--36~ surge, potentially explaining the effectiveness of such surgery in maintaining a prolonged reduction in postoperative weight ([@bib50]). Whether or not PYY~3--36~ is a true endogenous physiological regulator of food intake, long-term trials of PYY~3--36~ as an antiobesity agent are ongoing, and the results are awaited with great interest.

### Ghrelin {#sec1.7.3}

Ghrelin was discovered as an endogenous ligand for the growth hormone secretagogue receptor (GHSR). The octanoylated 28 amino acid peptide is produced and secreted by cells within the oxyntic glands of the stomach. Ghrelin mRNA expression and peptide secretion are increased by weight loss, fasting, and insulin-induced hypoglycaemia. Peripheral administration of ghrelin stimulates food intake and decreases fat utilization. Thus, ghrelin has been proposed to be an enteric signal involved in energy homeostasis, being unique in that it stimulates appetite rather than acting as a satiety signal ([@bib80]).

There is considerable evidence to indicate that the classical arcuate-based pathways are central to ghrelin\'s effects on food intake ([@bib80]). Given this, the first reports of mice with targeted deletions of ghrelin exhibiting no changes in feeding behavior or body composition were somewhat surprising ([@bib73; @bib81]). GHSR knockout animals were also only modestly lean ([@bib74]). However, more detailed studies of the metabolic phenotype of mice lacking ghrelin ([@bib83]) or GHSR ([@bib89]) report that both are resistant to diet-induced obesity when fed a high-fat diet, eating less and preferentially utilizing more stored fat as an energy substrate than wild-type mice. These data lend support to the notion that ghrelin-responsive pathways are an important component of coordinated body-weight control. Very recently there has been a report that rats vaccinated with ghrelin can produce neutralizing antibodies to the hormone and that this is associated with decreased rates of weight gain ([@bib90]).

In addition to being produced in the stomach, ghrelin may also be produced within the brain. A new set of ghrelin-positive neurons within the hypothalamus, lying between the dorsal, ventral, paraventricular, and arcuate nuclei, were identified by immunohistochemistry ([@bib17]). The functional relevance of brain-derived ghrelin remains to be determined. However, there is now evidence that the central actions of ghrelin are of physiological relevance in the control of adipocyte metabolism ([@bib75]). Chronic infusion of ghrelin into the CNS not only increases lipogenesis and inhibits lipid oxidation in white adipose tissue but also decreases expression of UCP 1 and 3 in brown fat, in keeping with a reduction in energy expenditure. Thus, central ghrelin appears to partition nutrients toward fat storage by favoring an increase in glucose and triglyceride uptake, increasing lipogenesis, and inhibiting lipid oxidation in white adipocytes. This fits in well with the phenotype of ghrelin-deficient mice described earlier, where under conditions of abundant dietary fat, the impaired adipocyte metabolism becomes functionally relevant and leads to a decreased susceptibility to diet-induced obesity. Further, this may also suggest an alternative role for the well-known pre-meal surge in ghrelin. Rather than being a signal of meal initiation, this change in circulating ghrelin may trigger in the CNS processes that prepare the body to receive and appropriately process in-coming nutrients.

### Obestatin {#sec1.7.4}

Ghrelin is derived from the posttranslational processing of the 117 amino acid prohormone preproghrelin. A recent study by Zhang et al. has suggested that subtle but distinctly different processing of this precursor generates a peptide that directly opposes the effect of ghrelin on food intake ([@bib87]). Using a bioinformatics search to look for typical enzymatic cleavage sites in other large precursors of peptide hormones, Zhang et al. identified a 23 amino acid region of pre-proghrelin that is flanked by potential convertase cleavage sites. Further characterization of the predicted peptide revealed it to be a circulating peptide, which, like ghrelin, was also detectable within the stomach wall of rats. In vivo studies with a synthetic version of the peptide demonstrated that it suppressed food intake, inhibited jejeunal contraction, and decreased body weight, all in sharp contrast to the orexigenic effects of ghrelin. On the basis of these suppressive effects on food intake the peptide was duly named "obestatin"---derived from the Latin "obedere" ---to devour. By screening a range of mammalian orphan receptors, Zhang et al. showed that obestatin appeared to be working via GPR39, a G protein-coupled receptor that is expressed in the stomach, in the intestines, and within the hypothalamus. Thus, it appeared that two antagonistic hormones were derived from the same gene, with differential posttranslational modification resulting in peptide products with apparently opposing effects. Certainly, this neat processing trick might be an attractive hypothesis to explain how models of ghrelin deficiency outlined earlier appear to have such a bland phenotype. In knocking out the orexigen ghrelin, mutant mice were also rendered deficient in the anorexigen obestatin. However, the true biological function of obestatin remains uncertain. For example, the circulating levels of obestatin appear to be far lower than those of ghrelin, and in sharp contrast to ghrelin, there appears to be no change in circulating obestatin upon fasting or re-feeding in rodents. Although these anomalies may be due to as yet unappreciated subtlety in the peptide-processing systems, the excitement of the initial report must be tempered by more recent data that have failed to show any effect of obestatin on food intake in rodents ([@bib38; @bib62]).

### Glucagon-like Peptide-1 {#sec1.7.5}

Glucagon-like peptide-1 (GLP-1) is a peptide product of the proglucagon gene, released from the L cells of the small intestine in response to food ingestion ([@bib21]). GLP-1 is a potent inducer of glucose-dependent insulin release. This has lead to the development of GLP-1 agonists that have clinical utility in the treatment of type 2 diabetes mellitus ([@bib21]). GLP-1 can also influence food intake with the GLP-1 analog exenatide, capable of lowering both blood glucose and body weight in obese type 2 diabetic subjects. The effects on body weight may be as a result of induction of satiety via inhibition of gastric emptying, but there is also evidence that GLP-1 can influence feeding behavior by acting at the nucleus of the solitary tract in the brainstem and the paraventricular nucleus of the hypothalamus ([@bib11]).

### Oxyntomodulin {#sec1.7.6}

Like GLP-1, oxyntomodulin (OXM) is also produced from the proglucagon gene and released from the small intestine in response to a meal. Physiologically, it acts to reduce gastric motility and secretion. Although a unique receptor for OXM has yet to be identified, data from rodent and human studies suggest that systemic administration of OXM can reduce both food intake and body weight with some of these effects brought about by a suppression of the orexigenic hormone ghrelin ([@bib11]).

The Endocrine Pancreas {#sec1.8}
----------------------

### Insulin {#sec1.8.1}

Insulin receptors are widely distributed in the brain with the highest concentrations found in the olfactory bulb, hippocampus, cerebral cortex, and the arcuate nucleus within the hypothalamus. The existence of neural circuits that appeared to respond to insulin and regulate food intake and adipose mass was reported many years before leptin was discovered ([@bib71]). Despite this, neuron-specific loss of insulin receptors only has subtle effects on food intake and body weight ([@bib10]). Female (but not male) mice with disruption of the insulin receptor gene in the CNS become hyperphagic and overweight (10%--15% heavier than control), but this may be confounded by a reproductive endocrine phenotype.

The importance of a more localized population of insulin receptors, in particular those within the hypothalamus, has been further delineated. [@bib63] were able to significantly reduce hypothalamic insulin signaling by directly injecting into the third ventricle an antisense oligonucleotide designed to blunt the expression of insulin receptor in adjacent nuclei. This resulted in a rapid and significant hyperphagia, associated with an increase in the expression of both NPY and AgRP.

However, the role of insulin signaling at POMC neurons is not entirely clear. [@bib14] generated mice that lacked insulin receptor substrate 2 (IRS2) in POMC neurons. IRS2 is a major mediator of the metabolic effects of insulin. In contrast to the effects of leptin receptor loss from POMC neurons, mice lacking IRS2 from these neurons had no discernible phenotype, being neither hyperphagic nor obese, suggesting that insulin signaling in POMC neurons does not play a major role in energy homeostasis. Moreover, further complexity comes from data demonstrating that, in direct contrast to leptin, insulin actually hyperpolarizes POMC neurons and decreases the neuronal firing rate, indicating that the anorexigenic effects of insulin are unlikely to be mediated via POMC neurons ([@bib66]).

After many decades of experiment and debate it is still difficult to place insulin\'s role in the normal physiology of energy homeostasis. Insulin undoubtedly has a major and nonredundant role in the control of the disposition of nutrients in the periphery. Although insulin clearly has appetite-suppressive effects when administered to the CNS, the physiological significance of such actions remains uncertain.

### Pancreatic Polypeptide {#sec1.8.2}

Pancreatic polypeptide (PP) is released from cells found at the periphery of pancreatic islets, again in proportion to the amount of calories ingested with the effect of inhibiting gastric emptying. Whether PP has an additional physiological role in the control of food intake remains uncertain although infusions of PP mimicking the postprandial rise can suppress food intake in man ([@bib11]).

Other Sites {#sec1.9}
-----------

Circulating levels of glucocorticoids derived from the adrenal gland are able to profoundly affect appetite ([@bib18]). Anorexia is a feature of the cortisol deficiency seen in primary adrenal failure, whereas an excess of glucocorticoids can cause hyperphagia. Glucocorticoids also have a significant impact upon the melanocortin system. Adrenalectomy reverses the obese phenotype in leptin-deficient *ob*/*ob* mice and by normalizing both the increase in AgRP expression and the decrease in POMC expression found in *ob*/*ob* mice restores hypothalamic melanocortin tone ([@bib56]). In addition, the orexigenic effect of the melanocortin antagonist AgRP is absent in adrenalectomized rats but restored with supplementation of glucocorticoids ([@bib20]).

Steroid hormones derived from the gonads have also been implicated in the modulation of eating behavior. Exciting recent data have shown that estradiol can reduce body weight by increasing excitatory synapses upon POMC soma. This increase in POMC neuronal activity results in both a reduction in energy intake and an increase in energy expenditure ([@bib32]).

Thyroid hormones can influence feeding behavior, as tri-iodothyronine (T3), acting in the CNS, is able to increase food intake ([@bib47]). However, this must be tempered by the fact that T3 induces a marked increase in basal metabolic rate, and thus any increase in food intake may be a compensatory response to this increase in energy expenditure.

Hepatocyte-derived C-reactive protein (CRP) has been correlated with adiposity and levels of plasma leptin. [@bib12] have reported that CRP binds leptin, that this interaction attenuates leptin action in vivo, and that leptin stimulates CRP production from hepatocytes. This suggests a possible vicious cycle in which the stimulation of CRP production by leptin leads to the production of greater quantities of a leptin antagonist, thereby being a potential mechanism contributing to leptin resistance seen in obese subjects. However, the relationship between CRP and leptin remains uncertain. For example, we have recently found that when leptin-naïve children with congenital leptin deficiency are treated with leptin there is no change in circulating CRP concentrations ([@bib23]), and we have been unable to find any antagonism of leptin actions in mice co-treated with leptin and a 6-fold molar excess of highly purified CRP ([@bib42]).

Summary {#sec1.10}
-------

The genetic evidence for a critical role of leptin and its downstream anorexigenic pathways in the control of food intake is extremely strong and highly suggestive of a system with little redundancy. The severe and continued hyperphagia seen in rodents and humans when the leptin signaling system is disrupted, which persists in the face of extreme expansion of the adipose tissue mass, suggests that other adipocyte-derived signals play at most a subsidiary role in adipostatic control of food intake.

In contrast, the evidence for one particular gut-derived peptide having such a singular role in appetitive control is weaker, suggestive of a system in which there is a high degree of redundancy. However, this does not exclude a physiological role for such peptides. Instead, it suggests the presence of an integrated system in which adipocyte-derived signals provide tonic, long-term information to the brain about the state of nutrient stores, whereas a variety of signals triggered by ingestive status have important roles in influencing meal initiation and termination. Future experiments directed toward the simultaneous ablation of multiple putatively anorectic gut- and pancreas-derived peptides should help clarify the impact of the gut-brain axis in meal termination and initiation.

An improved understanding of the normal physiology of energy homeostasis and the endocrine control of food intake will have profound implications for the development of effective therapeutic and preventive strategies for human obesity. Contrary to popular misconception, obesity is not a new disease that has suddenly appeared as a result of a toxic environment. Human populations have always consisted of individuals with a broad range of adiposity, with those at the top end of the distribution suffering adverse health consequences. Recent changes in the availability and cost of palatable energy-dense food and the reduction in physical activity during work and recreation have undoubtedly contributed to an overall upward shift in the adiposity of entire populations. However, even in communities with substantial obesity there is still a high proportion of subjects who are lean. The heritability of adiposity is very high, and the most parsimonious explanation is that genetically based variation in the homeostatic pathways controlling energy balance determines the interindividual differences in susceptibility or resistance to an environment that fosters obesity. Such a model does not exclude the fact that body weight can be altered by voluntary efforts of human will but adds the important rider that the ease with which this can be achieved differs markedly between people and suggests that those differences are likely to be based on the variable intensity of inherent biological drives, not "moral fiber." This conceptual approach to the undoubted health problem of obesity should encourage biomedical scientists to, as Friedman has put it, "make war on obesity, not the obese" ([@bib29]).

![Control of Food Intake by the Hypothalamic Leptin-Melanocortin Pathway\
The hypothalamus receives and integrates neural, metabolic, and hormonal signals to regulate energy homeostasis. In particular, the adipocyte-derived hormone leptin and the melanocortin pathway have a critical role in the control of food intake.\
AgRP, Agouti-related protein; Arc, arcuate nucleus; MC4R, melanocortin 4 receptor; POMC, pro-opiomelanocortin; PVN, paraventricular nucleus.](gr1){#fig1}

![Hormones from the Gut and Endocrine Organs Affect Food Intake\
Hormonal signals derived from the gut and classical endocrine organs, such as the pancreas, thyroid, and adrenal glands act in synergy to effect changes in feeding behavior.\
CCK, cholecystokinin; OXM, oxyntomodulin; GLP-1, glucagon-like peptide 1; PYY~3--36~, peptide YY~3--36~.](gr2){#fig2}
